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FOREWORD 

The work described i n  t h i s  repor t  was performed by Lockheed 

Missiles & Space Company, Huntsvil le Research & Engineering Center, 

f o r  the George C .  Marshall Space F l ight  Center of the  National Aero- 

naut ics  and Space Administration under Contract NAS8-21301. 

The work w a s  administered under the  d i rec t ion  of the  Aero- 

Astrodynamics Laboratory, NASA/MSFC, with M r  . Larry Kiefling as 

Contracting Officer Representative. 

The f i n a l  report  f o r  "Saturn V-Launcher-Umbilical Tower Vibra- 

t i o n  Analysis" consis ts  of two volumes: 

Vol I: Response t o  Ground Wind Exci ta t ion 

Vol 11: A Computer Program f o r  Analysis of the 
Vibrational Character is t ics  of Large 
Linear Space Frames 
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SUMMARY 

This report  describes a computer program f o r  calculat ing the  modes and 

frequencies of large undamped l inea r  space frames. The program provides an 

economical means of accurately computing the  v ibra t iona l  charac te r i s t ics  of 

complicated frame s t ruc tures  such as the Saturn V launcher-umbilical tower. 

The computational procedure used i n  the  program deals exclusively with non- 

zero submatrices of the  system mass and s t i f f n e s s  matrices, thus avoiding both 

t r i v i a l  ari thmetic and wasted data storage space. Accordingly, very low com- 

puter execution costs  a re  a t ta ined .  The solut ion technique i s ,  i n  e f f e c t ,  a 

generalization of the  well-known Stodola method of beam vibrat ion ana lys i s .  

The program i s  automatic i n  the  sense t h a t  both input and output communi- 

cations are concise. Input data consis t  of minimum def in i t ions  of pa r t i cu la r  

problems (e.g., j o i n t  posi t ion coordinates, member propert ies ,  r e s t r a i n t  con- 

d i t ions ,  e t c  .) . 
cluding computer-generated p lo t s  of mode shapes. Several examples are presented 

of solutions computed by the  program. 

Output data consis ts  of optional solut ion information, in- 

A wide va r i e ty  of member types is  allowed, including open and non-symmetrical 

sect ions.  Frame members may be e i the r  uniform beams or Timoshenko beams with 

a r b i t r a r i l y  varying mass and s t i f f n e s s  propert ies .  Provisions a re  a l so  included 

for  r i g i d  l i nks ,  lumped masses and other features useful  i n  mathematically 

modeling complicated l i nea r  s t ruc tures .  

The method upon which the  program is based is  applicable t o  more general 

c lasses  of finite-element s t ruc tures .  

iii 
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NOMENCUTURE 

c: = coef f ic ien ts  of system modes; 

e = sca la r  defined i n  Eq. 16; 

F = vector of generalized forces  ( s t a t i c ) ;  

K = s t i f f n e s s  

ylz = s t i f f n e s s  

1 = length of 

M = mass m a t r  

matrix of t he  en t i r e  s t ruc ture ;  

matrix associated with the  k-th beam element; 

a uniform beam element; 

x of t he  e n t i r e  s t ruc ture ;  

% = mass matrix associated with the  k-th beam element; 

submatrices of the k-th element mass matrix, defined by Eq. 22; 

a s ca l a r  defined by Eq. 33; % =  
n = the  t o t a l  number of beam elements contained i n  the  s t ruc ture ;  

&k = transformation matrix defined by Eq. 27; 

R 

i 

i 
= 3x3 matrix of d i r ec t ion  cosines specifying the or ien ta t ion  of the  

pr inc ipa l  axes of t he  k-th element, r e l a t i v e  t o  a reference frame 
associated with the i - t h  node. 

T = k ine t i c  energy of the  e n t i r e  s t ruc ture ;  

Tk = k ine t i c  energy associated with the k-th element; 

t = time; 

U 

,Ti = six-vector containing the  motion components of the  i - t h  node, r e l a t i v e  
t o  a reference frame associated with an element connected t o  the node; 

= vector of system generalized coordinates (node point motion components) ; 
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V = po ten t i a l  energy of the e n t i r e  s t ruc ture ;  

Xk = k-th system mode; 

x i = a six-vector containing the  motion components (associated with a pa r t i cu la r  
eigenvector) of the  i - t h  node, r e l a t i v e  t o  a reference frame uniquely 
associated with the node; 

-i x = a six-vector containing the  motion components (associated w i t h  a 
p a r t i c u l a r  eigenvector) of the i - t h  node, r e l a t i v e  t o  a reference 
frame associated with an element connected t o  the node; 

YJ = j - th  approximation of a system mode; 

y = a vector analogous t o  x , associated with an approximation of a system 

yi = a vector analogous t o  %i, associated w i t h  an approximation t o  a system 

i i 

mode ; 

mode ; 

p = mass per un i t  length of a uniform beam element; 

w = frequency approximation; and 

w. = frequency associated wi th  Xi. 
1 

v i  



Section 1 

INTRODUCTION 

Calculation of the  undamped v ibra t iona l  modes of l i nea r  f i n i t e  element 
z networks requires  solut ion of matrix eigenproblems of the  t y p e 0  MX = KX. 

Most d i g i t a l  programs that  have been developed f o r  t h i s  purpose, including 

those based on variable-width band matrix procedures, f a i l  t o  take f u l l  ad- 

vantage of the spa r s i ty  of M and K .  Such programs consequently a re  l imited 

t o  problems of small o r  moderate s i ze .  

The computer program discussed i n  t h i s  report  i s  applicable t o  a general  

c l a s s  of large complex space frames with thousands of degrees of freedom. The 
method upon which it i s  based i s  applicable t o  any l i nea r  finite-element net-  

work. 

Reference 1 f o r  analyzing large s t a t i c a l l y  loaded space frames. This program 

employs a computational procedure which deals exclusively with non-zero sub- 

matrices of t he  s t i f f n e s s  matrix, thus avoiding both t r i v i a l  ari thmetic and 

wasted data storage space. The "bookkeeping" procedures executed by t h i s  pro- 

gram t o  enable avoidance of t r i v i a l  operations consume only a negl igibly small 

f rac t ion  of t he  t o t a l  computer execution time; accordingly, as discussed i n  

d e t a i l  i n  Reference 1, very low computer costs a r e  a t ta ined .  

The basic  computational routine i s  t h e  d i g i t a l  program described i n  

The solut ion technique used i n  the  frame dynamics program i s ,  i n  e f f ec t ,  a 
generalization of the well-known Stodola method of beam analysis .  

with an i n i t i a l  approximation of a system mode (computed by the program on the  

bas i s  of a s t a t i c  loading condition specif ied i n  the  input da t a ) ,  an "equiva- 

l e n t  i n e r t i a l  loading" act ing over the  e n t i r e  s t ruc ture  is  evaluated. 

s t a t i c  deformation corresponding t o  the  equivalent i n e r t i a  loading i s  computed, 

providing an improved approximation of the mode. This procedure i s  executed 

repeatedly u n t i l  convergence i s  at ta ined.  In  computing higher modes, a process 

Beginning 

The 

I 
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based on orthogonality r e l a t ions  i s  used t o  "sweep out" previously computed 

lower modes. This solut ion technique i s ,  of course, equivalent i n  pr inc ip le  

t o  the matrix i t e r a t i o n  method (see Reference 2) ,  which i s  one of the  oldest  

eigenproblem solut ion techniques; the distinguishing feature  of the new tech- 

nique i s  the avoidance of t r i v i a l  computation and data  storage,  which makes 

possible economical and accurate analysis  of extremely large systems. During 

recent  studies of program performance, severa l  lower modes of s t ruc tures  having 

over 1000 degrees of freedom have been computed using j u s t  a few minutes of 

IBM 7094 time. The program has no exp l i c i t  degree-of-freedom l imitat ion,  and 

i n  i t s  present configuration can be used t o  analyze systems having many thou- 

sands of elements. 

Several features  have been incorporated in to  the  program primarily t o  f a c i l -  

i t a t e  mathematical modeling of a wide va r i e ty  of s t ruc tures .  These include: 

0 r i g i d  l inks  o f f se t t i ng  member end points  from jo in t s ,  

0 members (may be zero-length) described by 6 x 6 s t i f f n e s s  
matrices, and 

0 addi t ional  lumped masses a t  the j o i n t s .  

A s  r e s t r a i n t  conditions an a rb i t r a ry  s e t  of j o in t  motion components may be s e t  

indent ical ly  equal t o  zero. 

Examples are presented of solutions computed by the  program. 

1-2 
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Section 2 

ITERATIVE PROCEDURE 

An a r b i t r a r y  n degree-of-freedom l i n e a r  f i n i t e  element system w i l l  be 

considered. 

motion components, e t c . ) ,  M the  mass matrix, and K the  s t i f f n e s s  matrix, the  

k ine t i c  and p o t e n t i a l  energies of the system are 

Where U i s  the  vector  of generalized coordinates (node point 

T = $ U * M c ,  a n d V = $ U * K U .  

For undamped f r e e  vibrat ion,  Lagrange's equation gives 

M U + K U = O  (2 ) 

Solutions of the  form U = s i n o t  X y i e l d  the  usual  l i n e a r ,  small-vibration 

e ige npr ob lem , 

( 3 )  
2 

G) M x - K x = o  

It w i l l  be assumed i n  the  following discussion t h a t  the  modes, X1, 

''2, . * '  'k-1 associated with the  lowest k-1 frequencies have already been 

calculated,  and t h a t  it i s  desired t o  compute the  k-th mode, Xky associated 

with the  next higher frequency, ok. Suppose a function, Y , i s  known wkiich 

i s  a l i n e a r  combination of t he  unknown modes of the  system, Xk, Xk+l, ... Xn 

(an n degree-of-freedom system) ; t h a t  is, 

1 

1 n 

i=k  
Y1 = E ci xi . (4) 

2-1 



1 Determination of Y 

YL, Y , . . . , 
w i l l  be discussed subsequently. 

is computed, subject t o  the  requirement t h a t  
A sequence of functions, 

- 3  

Y may be wr i t ten  as 

y j  = 
i=l 

Subst i tut ion of Eq. 6 i n t o  5 gives 

* * 
r 1 r 1 

Since X M X .  and X K X .  a r e  i den t i ca l ly  equal t o  zero for i unequal t o  r, 
pre-multiplication of both s ides  of Eq. 7 by X gives, f o r  i = 1 through n, 

* 
r 

2 *  * j +1 
i 0 Xi M Xi c? = X. K Xi c 1 1 

Since 
* 

Xi K Xi 

Xi M Xi 
2 -  

9 
- 

JC 

Eq. 8 may be re-writ ten as 

(9) 

for i = 1 through n. Note tha t  for i = 1 through k-1, c: = 0 f o r  a l l  j ,  

since c = 0. 

from Eq. 10 t h a t  unless c1 = 0, the  sequence Y , Y , . .. w i l l  converge t o  X 

and w w i l l  converge t o  uk. 

1 
i 

Since o must be grea te r  than or equal t o  ok, it i s  apparent 
1 2  

k’ k 

2-2 



Determination of Yjsl according t o  the  requirements of Eq. 5 m y  be 

Given a vector of regarded a s  a problem i n  s t a t i c  deformation analysis :  

applied generalized forces,  F = 0 M Y , determine the  corresponding s e t  

of generalized displacements, U = Yjsl, such t h a t  

2 3  

F = K U .  

1 Calculation of Y subject t o  the requirements of Eq. 4 w i l l  now be 

considered. 

has been computed. 

modes of t he  system: 

Suppose an i n i t i a l  approximation, Yo, of the  k-th system mode 

Yo may be expanded i n  a f i n i t e  s e r i e s  of the normal 

n 

i=l 

yo = z: ci 0 xi 

The requirements of Eq. 4 a re  s a t i s f i e d  i f  we choose 

k-1 
3 = YO - z: ci xi 

i=l 

* * 
Pre-multiplying both s ides  of Eq, 12 by Xi M, (or XiK) y ie lds ,  f o r  i=1,2, ... k-1, 

X I  M Yo 

Xi M Xi 

X l  K Yo 

Xi K Xi 

- - *  co = 
i *  

0 1 .=iven XI, . .. Xk,l and Y , Eqs. 1 4  and 13 provide a b a s i s  f o r  constructing Y . 

2-3 
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Section 3 

COMPUTER PROGRAM 

A d i g i t a l  program based on the  i t e r a t i v e  procedure outlined above has 

been developed f o r  computing the modes and frequencies of large a r b i t r a r y  

space frames. 

on any large-scale d i g i t a l  system (IBM 7094, Univac 1107-8, I B M  360-50, CDC 

3000 or 6000 ser ies ,  e t c . ) ,  having a Fortran compiler and s i x  secondary data  

storage un i t s  ( tapes,  drums, e t c . ) .  

The program i s  coded e n t i r e l y  i n  FORTRAN-4 and can be executed 

Dynamic a l loca t ion  of core storage i s  employed with arrays packed 

sequent ia l ly  t o  avoid the  waste of core storage space associated with the  

use of a r b i t r a r i l y  f ixed a r r ay  dimension specif icat ions.  

converted t o  execute on various computers by changing a few statements i n  the  

main program which specify (1) t o t a l  amount of core space t o  be used and (2)  

t he  secondary data  f i l e  assignments (uni t  numbers of tapes,  drum areas,  e t c . ) .  

For analysis  of small problems ( i . e . ,  s t ruc tures  containing a few hundred 

jo in t s ,  or l e s s )  the program can be executed using l e s s  than 15000 core 

locations,  including ins t ruc t ion  storage.  

The program can be 

For purposes of minimizing input data requirements, frames a re  represent- 

ed as  arrays of " joints"  interconnected by s t r a igh t  "members ." 
i s  generally subdivided by the  program i n t o  a specif ied number of uniform 

beam elements of equal length,  so t h a t  there  a re  two classes  of nodes: 

the  jo in t s ,  which usual ly  interconnect several  non-colinear members, and (2)  

nodes interconnecting pa i r s  of col inear  beam elements within a member. 

data includes the  posi t ion coordinates of the  jo in t s ,  r e s t r a i n t  conditions, 

and, f o r  each member, (1) indices ident i fying the  p a i r  of j o i n t s  it intercon- 

nects ,  (2) information specifying sect ion physical and geometrical propert ies  

and cross-section or ientat ion,  and (3) the  number of beam elements i n t o  which . 

it i s  t o  be subdivided. Various classes  of members are allowed, including 

Each member 

(1) 

Input 
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several  types prismatic open sect ions (wide-flanges, angles, channels, t ees ,  

e t c .  ) , Timoshenko beams with sect ion propert ies  given as piecewise l i n e a r  

functions of pos i t ion  along the  member's c e n t r a l  axis, and sect ions f o r  which 

p r inc ipa l  moments of i n e r t i a ,  cross-sect ional  area,  mass density,  e t c . ,  a r e  

d i r e c t l y  specif ied.  

j o in t s ,  and for massless r i g i d  l i n k s  o f f s e t t i n g  member end points  from j o i n t s .  

Provision i s  also included f o r  r i g i d  masses lumped a t  

Care has been taken throughout the  program t o  avoid t r i v i a l  ar i thmetic  

operations and t o  minimize secondary da ta  storage requirements. Transmissions 

t o  and from secondary storage un i t s  a r e  made v i a  la rge  physical records 

( typ ica l ly  severa l  thousand words each, for l a rge  s t ruc tures)  t o  reduce access 

time . 

Problem s i ze  l imi t a t ions  a re  determined pr imari ly  by the  capacity of the  

s t a t i c  analysis  rout ines  used t o  compute the  sequences of functions,  YJ, 
described i n  the  discussion of the  i t e r a t i v e  so lu t ion  procedure. The capacity 

of the  s t a t i c  analysis  rout ines  depends upon the  amount of core storage space 

ava i lab le .  

mately 24000 core locat ions allows up t o  1000 j o i n t s ,  with no l i m i t  on the 

number of members, and no l i m i t  on the  number of col inear  beam elements i n t o  

which the  members a re  subdivided. The s t a t i c  analysis  rout ines  used i n  the 

program, which a re  e s s e n t i a l l y  the  same as those described i n  Reference 1, 

are  not based on band matrix methods, hence have no bandwidth r e s t r i c t i o n s .  

These rout ines  execute f a s t e r  ( i n  many cases very subs t an t i a l ly  faster) than 

programs based on band matrix methods, unless there  a re  no zeros within the 

banded port ion of t he  s t i f f n e s s  matrix, i n  which case execution times a re  

about t he  same as those obtained using band matrix methods. 

A t y p i c a l  IBM 7094 version of the program using a t o t a l  of approxi- 

3.1 FROCTRAM ORGANIZATION 

The sequence of operations performed by the  program is as follows: Input data 

i s  read def ining the geometrical and physical  p roper t ies  of the  s t ruc tu re ,  

3-2 



and two data  f i l e s ,  which are used repeatedly i n  the i t e r a t i v e  so lu t ion  pro- 

cess ,  a re  generated. One of the  f i l e s  contains compact data  arrays which 

serve e s s e n t i a l l y  the same function as a system f l e x i b i l i t y  matrix. Detai ls  

of the composition of these arrays and how they a re  generated a re  explained 

i n  Reference 1. The other f i l e  generated a t  t h i s  time contains,  f o r  each 

member, the following information: 

1. Two indices  ident i fy ing  the  p a i r  of j o i n t s  interconnected by the  
member e 

The length of the  member, and the  number of beam elements (of 
equal length)  i n t o  which t h e  beam i s  t o  be subdivided. 

3x3 matrices of d i r ec t ion  cosines computed by the program which 
specify the  or ien ta t ion  of the member's p r inc ipa l  axes r e l a t i v e  
t o  t h e  reference frames t o  which the motion components of t h e  
interconnected j o i n t s  a re  re fer red .  

The moments of i n e r t i a ,  cross-sect ional  area,  mass density,  
e t c . ,  of each beam elemen% i n t o  which the  member i s  subdivided. 

2 .  

3. 

4. 

After  pr in t ing  a complete descr ipt ion of the  s t ruc ture ,  the program executes 
the  following s teps  t o  compute each required mode. 

1. Input data i s  read defining a s t a t i c  loading which the  program 
uses t o  compute Yo, the  i n i t i a l  approximation of the mode. 
These s t a t i c  loadings usual ly  consis t  of a f e w  point loads ' 

appl ied a t  j o i n t s .  Obviously, convergence of t he  i t e r a t i v e  
procedure i s  hastened i f  care i s  taken, where possible,  t o  
choose a s t a t i c  loading which w i l l  produce a displacement 
f i e l d  roughly similar t o  the  mode. 

Y1 i s  computed as indicated by Eqs. 13 and 14.  
fo r  computing terms of t h e  type X k  and X'ltKu i s  discussed 
sub s e quent l y  . 

3. For j = 1,2,...., t he  sequence of improved approximations, Y , 
of t h e  mode are  computed as indicated by Eq. 11. A f t e r  evalua- 
t i o n  of each Y j ,  t he  sweep-out process indicated by Eqs. 13 
and 14 i s  performed t o  o f f s e t  ar i thmetic  e r r o r  accumulated i n  
the  s t a t i c  so lu t ion  proces , The frequency approximation, 

2. The procedure 

j 

uJ+l,  associated with Y J+f i s  evaluated as 

3-3 
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- 5  Where e i s  a specif ied small number ( typ ica l ly  10 
t i o n  of the  i t e r a t i v e  process i s  based on the  convergence 
c r i t e r ion ,  

), termina- 

Calculation o f - t h e  equivalent s t a t i c  loading, F, s t a t i c  solutions,  
and (YJf l )%(YJ+l)  w i l l  be discussed subsequently. 

After  completion of the  i t e r a t i v e  process, solut ion d e t a i l s  are 
pr in ted  and p l o t s  a r e  generated of the  s t ruc tu ra l  deformation 
corresponding t o  the  newly-computed mode, Xk. The generalized 
m a s s  and s t i f fnes s ,  xk"Mxk and X g m k ,  evaluaked during 
the f i n a l  s tep  i n  the  i t e r a t i v e  process a re  re ta ined f o r  use i n  
subsequent sweep-out procedures executed during evaluations of 
higher modes. 

4. 

3.2 DATA FIKES 

During execution of t he  i t e r a t i v e  procedure fo r  computing X I? X2' " '  9 

two addi t ional  data  f i l e s  a re  generated. One of these contains the  most 

recently-generated approximation of the  mode cur ren t ly  being computed. I n i t i a l l y  

Yo i s  stored i n  t h i s  f i l e ;  then Yo i s  replaced by Y 

by Y e t c .  The other f i l e  contains a l l  of t he  previously-computed modes, 

X2, ... , i n  serial  order.  For a pa r t i cu la r  mode, or modal approximation, 

these f i l e s  contain, f o r  each member, t he  motion components ( r e l a t ive  t o  "ele- 

ment reference frames" discussed subsequently) of each node point i n  the member. 

As  i l l u s t r a t e d  on Figure 1, data i n  these f i l e s  are  arranged t o  correspond 

s e r i a l l y  w i t h  t he  information i n  t h e  previously-generated f i l e  of member prop- 

e r t y  data (containing member lengths,  sect ion propert ies ,  number of beam e le-  

ments, e t c . ) .  

1 which i s  i n  t u r n  replaced 
2 

'1 9 

* 
Data f romthese  f i l e s  a re  used t o  compute terms of the type X M Y  and * 

X K Y f o r  use i n  the  sweep-out procedure (Eqs.14 and 13), and t o  evaluate 

s t a t i c  equivalent loadings, F = w  M Y, during the  i t e r a t i v e  solut ion process. 2 

3-4 
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To reduce access time and computer costs,  a l l  data  f i l e s  a re  t ransmit ted 

t o  and from secondary da ta  storage un i t s  i n  la rge  physical records (usual ly  

several  thousand words per  record, for l a rge  s t ruc tu res )  , each record contain- 

i z g  data  associated with many members. 

s t ruc tures  containing only a few hundred members), it i s  of ten the  case t h a t  

the en t i r e  member property da ta  f i l e  and the  current modal approximation, Y, 

may be continuously retained i n  core storage as t h e  succession of previously- 

computed modes, X1, X2, ... a re  transmitted i n t o  core f o r  use i n  evaluating 

X 

For problems of small s i ze  (e.g. ,  

* * 
M Y ,  X2 M Y ,  ... . 1 

Member property 
data  f i l e  

Current modal 
approximation, Y 

Properties of 
1st member 

Properties of 
2nd member 

Propert ies  of 
l a s t  member 

Nodal motions i n  
1 s t member 

Nodal motions i n  
2nd member 

Nodal motions i n  
l as t  member 

Figure 1 - Data F i l e  Configurations 

Previously computed 
modes, X1, X2, ... 
Nodal motions i n  
Is t member 

Nodal motions i n  
2nd member 

Nodal motions i n  
l a s t  member 

Nodal motions i n  
1st member 

Nodal motions i n  
2nd member 

Nodal motions i n  
las t  member 
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3.3 EVALUATION OF X*MY AND X*KY 

T'ce sass and s t i f f n e s s  matrices, M and K ,  associated with large f i n i t e  e le -  

ment networks are  usual ly  very sparse; accordingly, it i s  e s sen t i a l  t o  the 

attainment of low computer execution costs  t h a t  t r i v i a l  ari thmetic operations 

be avoided. Before discussing the computational procedure, some of t he  prop- 

e r t i e s  of M and K w i l l  be noted. Where T and V are  the  k ine t i c  and poten t ia l  

energies of t he  k-th element, and t h e  system contains r elements, 
k k 

r 
T = C 

k = l  2 Tk , where Tk 

1 %  r 
V = vk , where V = 2 u'.\ u 

k = l  

From the above equations, M and K a re  iden t i f i ed  as follows: 

r 
M =  z: % 

k=l  

r 

k= l  
K = Z  \ . 

In  the  frame dynamics program, polynomials of a r b i t r a r y  order a re  used as 
displacement functions f o r  each individual  uniform s t r a igh t  beam element 

( the number of terms used i n  pa r t i cu la r  appl icat ions i s  specified i n  the 

input data); however, for  s implici ty  of explanation, it w i l l  be assumed 

throughout t he  following discussion t h a t  the  l a t e r a l  bending displacements 

of the  cent ra l  bending ax i s  i n  each pr inc ipa l  plane a re  represented by cubic 

polynomials, and t h a t  a x i a l  extension and twist ing are represented by l i n e a r  

functions. 

of t h e  12 displacement functions and the 12 motion components of t he  two node 

I n  t h i s  case, a unique r e l a t i o n  e x i s t s  between t h e  coef f ic ien ts  
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points interconnected by the  element (3 displacements and 3 ro ta t ions  at each 

node), and i t  i s  convenient t o  use node point motion components e x p l i c i t l y  as 

system generalized coordinates; t h a t  i s ,  where u i s  a vector containing the 

6 motion components of the  i - t h  node point ,  

i 

u =  

- 
1 

2 
U 

U 

. 

n 
U 

It i s  assumed i n  the  following discussion tha t  the k-th element interconnects 

nodes i and j .  It w i l l  be convenient t o  associate  with each uniform beam 

element an "element reference frame", the  1 and 2 axes of which l i e  i n  
pr inc ipa l  bending planes, with the 3-axis directed along the  e l a s t i c  cent ra l  

axis  from node i towards node j .  

of nodes i and j (with respect t o  the  k-th element reference frame) w i l l  be 

The direction-p displacement components 

-i represented by the symbols ci and sj f o r  p=1,2,3. For p=4,5, and 6, u and 
P PS P uJ w i l l  represent the  d i rec t ion  p-3 ro t a t ion  components of nodes i and j .  

For t h i s  choice of reference frame, 
P 

In  the above equations, 
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, and iij= 

-3 
1 
-j 
2 

U 

U 

G i  

For simple uniform beams gi, @, and $' have the following spec ia l  forms, 

i f  the l i ne  of mass centers coincides with the e l a s t i c  cen t r a l  axis .  

156 0 0 

0 156 0 

0 0 140 

0 -221 0 

221 0 0 

0 0 

i 
L o  

1 

0 221 0 

-221 0 0 

0 0 0 

4P2 0 '  0 

0 4P2 0 
p 3  
f l ,  

0 0 140- 

156 0 * 0 

0 156 0 
I 

0 0 1.40 

0 221 0 

.221 0 0 

0 0 0 

221 0 0 '  
O * -221 O .i 
0 .412 0 1 
0 0 1 4 0 q  /J 
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54 

0 

0 

0 

136 

0 

0 

54 

0 

- 1 36 
0 

0 

CI 

0 0 -138, 0 

0 131 0 0 

70 0 0 0 

0 -312 0 0 

0 0 - 3 8  2 o  
p3 
f l .  

0 ,70- 0 0 

I n  the  above equations, l? i s  the  length of the  element, p i s  mass per  un i t  

length, and 

terms appear i f  the  l i n e  of mass centers  does not coincide with the  e l a s t i c  

cen t r a l  axis ,  or i f  ro t a ry  i n e r t i a  associated with l a t e r a l  bending i s  taken 

i n t o  account. 

p3 i s  mass moment of i n e r t i a  about t he  c e n t r a l  (3) axis. Other 

If node i l5es  on the  i n t e r i o r  of a member, interconnecting a p a i r  of 

t he  beam elements i n t o  which the  member i s  subdivided ( t h a t  i s ,  node i i s  

not a " jo in t"  interconnecting two or more non-colinear members), we choose 

u i = u -i . However i f  node i and/or j a r e  j o i n t s ,  the  components of u i and u j 
may be defined with respect t o  reference frames other  than t h e  one associated 

with the k-th element, i n  which case 

where 

3 < and R are 3 x 3 matrices of d i r ec t ion  cosines specifying the  o r i en ta t ion  

of t he  k-th element reference frame r e l a t i v e  t o  t h e  reference frames with 

respect t o  which u and u , respect ively,  a re  defined ( the  program allows 

a r b i t r a r y  o r i en ta t ion  of individual  j o i n t  reference systems, t o  permit speci- 

f i c a t i o n  of "oblique" r e s t r a i n t ) .  

k 

i J 

Subs t i tu t ion  of Eqs. 27 i n t o  22 gives 
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where 

From the  preceding equation it i s  evident t h a t  the  form of && i s  as follows 

(continuing t h e  assumption tha t  t h e  k-th element interconnects nodes i and j ) :  

% =  

c, e, <i9 and I$' a re  t h e  only non-zero 6 x 6 submatrices of 

Accordingly, i f  X and Y are considered as arrays of 6-vectors9 

. Mk 

x =  

1' 
X 

2 
X 

n 
X 

¶ Y =  

1 
Y 

2 
Y 

Y" 

¶ 
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where 

-i - 4 xi, y i  = 4 i , Where x - etc., Eq. 29 may be used t o  re-write Eq. 33 
as follows. 

* 
The routine used i n  the  program t o  compute terms of the  type X MY reads 

information from th ree  previously-generated f i l e s  containing (1) member 

property da t a  from which t h e  terms of and are readi ly  deter-  

mined, (2)  the nodal motions corresponding t o  Y, and (3) nodal motions 

associated with allpreviously-computed modes, X1, X2, ... . For each 

member, i n  succession, t h e  quant i t ies  "k; are  computed f o r  each beam element 

i n t o  which t h e  member i s  subdivided. In  evaluating "k;, as indicated by Eq. 

34, account i s  taken of t h e  s p a r s i t y  of T, gj, and 

ar i thmetic  operations.  A s  indicated by Eq. 32, X MY i s  the summation of a l l  

the  %Is. 

gi, gj $j 

t o  avoid t r i v i a l  * 

* 
Terms of the  type X KY may be evaluated s imi la r ly .  

The program contains rout ines  f o r  ca lcu la t ing  t h e  c ' s  i n  Eq. 14  as i 
e i t h e r  X*MY/X*MX o r  X*KY/X*m. 

accurate and require  the  same computer execution time. 

The two procedures usual ly  a re  equally 
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2 3  3.4 EVALUATION OF SEQUENCES OF MODAL APPROXIMATIONS, Y ,Y , e t c .  

The procedure used t o  compute solut ions t o  Eq. 11 i s  out l ined below. 

In  connection with t h i s  discussion, it i s  important t o  note t h a t  a d i s t inc -  

t i on ,  s ign i f i can t  f o r  computational purposes, i s  made between the frame's 

" joints" ,  which general ly  interconnect two or more non-colinear members, and 

other nodes lying e n t i r e l y  within the  i n t e r i o r  of a pa r t i cu la r  member, i n t e r -  

connecting the  col inear  beam elements i n t o  which the member i s  subdivided. 

1. Temporarily assuming a l l  j o i n t s  t o  be completely rest rained,  

the loading F = 02MY3 i s  appl ied.  

straightforward t r a n s f e r  matrix procedure i s  used t o  compute 

the motions of a l l  i n t e r i o r  nodes and t h e  forces  and moments 

exerted by the member on i t s  two terminal j o i n t s .  I n  making 

these calculat ions for an individual  member, the  i n e r t i a  forces  

and moments ac t ing  on a l l  beam elements contained i n  the member 

a re  evaluated using information from the  previously-generated 

f i l e  of mernber property da ta  and the  f i l e  containing the  previous 

modal approximation, Y . 
mitted t o  a secondary da ta  storage un i t  i n  t he  same format a s  the 

previously-discusged f i l e s  containing Y j  and the  X i ' s .  A s  these 

ca lcu la t ions  a re  made f o r  successive members, a summation i s  formed 

of the  point forces  and moments exerted on each j o i n t  by allmem- 

be r s  connected t o  the j o i n t .  

For each member, a 

This "fixed jo in t "  so lu t ion  i s  t rans-  

2 .  The j o i n t  r e s t r a i n t s  imposed i n  connection with the  above 

ca lcu la t ions  a re  released, and the  j o i n t  motions produced 

by the  point forces  and moments ac t ing  on the j o i n t s  due t o  

the  "fixed j o i n t "  loading are  evaluated. 

a re  car r ied  out  as described i n  Reference 1 using the previously- 

generated data f i l e  serving e s s e n t i a l l y  the  same function as a 

system f l e x i b i l i t y  matrix. 

" f ree  jo in t "  solut ions,  each member i s  t r ea t ed  as a s ingle  

These calculat ions 

For purposes of computing these 
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3. 

element, since no loads a re  applied a t  i n t e r i o r  nodes. 

Accordingly these s t a t i c  analysis  problems a re  usual ly  of 

much lower order than the v ibra t ion  eigenproblem, since 

the  j o i n t  motions a re  the only unknowns. 

For each member, a l l  node point motion components corresponding 

t o  the  "free- joint"  solut ion computed i n  the  preceeding s t ep  are  

evaluated and added t o  the  "fixed jo in t "  motions computed i n  

Step 1 above t o  form Yjel. After  computing the generalized 
s t i f f n e s s  as F*Y'+' (where F was evaluated as o 2 3  MY ), Y j + l  i s  

normalized t o  obtain un i t  generalized mass, 
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3.5 COTJVERGENCE 

In  most appl icat ions,  it usually is  easy t o  visual ize  s t a t i c  loadings 

comprised of a few point forces  and/or moments applied at j o i n t s  which w i l l  

produce good i n i t i a l  approximations of a t  l e a s t  the  f irst  few modes of the 

s t ruc ture .  In  such cases, convergence of the i t e r a t i v e  solution procedure 

has been found t o  be rapid,  with two t o  s i x  i t e r a t ions  usually su f f i c i en t  t o  

meet the convergence c r i t e r i a  indicated by Eq.16 (for  e = From Eq.10 

it i s  evident, however, t h a t  under some circumstances a r e l a t ive ly  large 

number of i t e r a t ions  may be required. Suppose f o r  example tha t  the i n i t i a l  

approximation, Yo, computed for  the  k-th mode, Xk, i s  ac tua l ly  a good approx- 

imation of Xk+l ( t ha t  i s ,  a l l  of the  cy’s  are very small except f o r  

In  t h i s  case, successive Y j ’ s  would first tend t o  a close approximation of 

‘k+l 
required f o r  each i t e r a t i o n  i s  usual ly  qui te  s m a l l ,  t h i s  e f f ec t  i s  usually 

of l i t t l e  p r a c t i c a l  significance.  

before f i n a l l y  converging t o  3. Since the  computer execution time 

All solutions necessar i ly  contain some numerical e r ro r .  A convenient 
physical in te rpre ta t ion  of numerical error i s  obtained by considering the  
external  forces required t o  cause the  system t o  execute the  motion, U = s i n u t  Y j +1 . 

M U + K u = S i n u t  F = s i n u t (  O*M YJ+’ - K Y j+l) , ( 3 5 )  

Subst i tut ion of Eq. 5 i n t o  Eq. 35 gives 
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Section 4 
EXAMPLES 

Vibrational cha rac t e r i s t i c s  of the following examples were calculated w i t h  

t h e  previously discussed computer program. 

program using an SC-4020 p l o t t e r .  

marizing eomputer execution cost  data  and frequency approximations computed 

a t  successive s teps  i n  the  i t e r a t i o n  process.  The zeroth i t e r a t i o n  r e f e r s  t o  

the  i n i t i a l  approximat ion. 

A l l  f igures  were generated by the  

Tables a re  presented f o r  each example, sum- 

The summarized computer execution times consis t  preponderantly of magnetic 

tape operations required i n  manipulating various data f i l e s  generated by the 

program. Accordingly, subs t an t i a l ly  lower computer cos ts  may be expected when 

executing under e f f i c i e n t  multi-program systems which b i l l  input-output devices 

a t  much lower r a t e s  than the cen t r a l  processing u n i t .  In  executing the  s t a t i c  

solut ions,  two passes were made through an i t e r a t i v e  accuracy improvement rou- 
t i n e  (analogous t o  the well-known near-inverse method) t o  assure a high degree 

of precis  ion. 
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Figures 2, 3, 4 and 5 i l l u s t r a t e  an undeformed perspective 

view and the  f irst  three modes of a 180 degree of freedom frame. 

Frequency approximations computed a t  successive s teps  i n  the i t e r a -  

t i on  process a re  summarized i n  Table 1. Computer execution cost  

data i s  summarized i n  Table 2. The s t a t i c  loadings used t o  deter-  

mine i n i t i a l  approximations t o  the f irst  and second modes, respec- 

t i ve ly ,  were (1) a l a t e r a l  force act ing through j o i n t s  a t  the top 

of the  s t ruc ture ,  and (2) a l a t e r a l  force a t  the top, and an (oppo- 

s i t e l y  directed)  l a t e r a l  force applied near the  middle of the s t ruc-  

t u re .  To obtain an i n i t i a l  approximation of the  t h i r d  mode, a 

v e r t i c a l  force w a s  applied through the cen t r a l  j o i n t s  a t  the top 

of the s t ruc ture .  Planar motion was obtained by constraining an 

appropriate s e t  of j o i n t  motion components. 



V I E W  I O F  U W D E F O R M E D  S T R U C T U R E  

Fig. 2 - Undeformed View of 180 Degree of Freedom Frame 
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. .  

Fig .  3 - First Mode of 180 Degree of Freedom Frame 
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W O O L :  N U M B E R  2 

ITERATXON M W C R  4 

CtQUENCr = 3.21S0X10+00 CPS 

. .  

Fig. 4 - Second Mode of 180 Degree of Freedom Frame 
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Fig. 5 - Third Mode of 180 Degree of Freedom Frame 
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1.0826039 
1.0826038 
1.08260 38 

Table 1 

SUCCESSIVE FREQUENCY APPROXIMATIONS, EXAMPLE 1 

3.2152917 
3.2150056 
3.2149769 

3 
4 
5 

5.2204726 
5.220470 1 

5.2204671 

Table 2 

IBM 7094 EXECUTION COSTS PER ITERATION, EXWLE 1 

Total  Execution Time 
er I t e r a t ion  

39 seconds ($1.62) 

44 seconds ($1.83) 
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Figures 6 and 7 i l l u s t r a t e  an undeformed perspective view and the  

f irst  mode, respect ively,  of a 96-joint rectangular frame. Figure 8 
i l l u s t r a t e s  an undeformed view orthogonal t o  that of Fig. 6. 
second mode i s  shown on Fig. 9. Table 3 summarizes frequency approx- 

imations computed at  successive s teps  i n  the  i t e r a t i o n  process. Table 

4 summarizes computer execution cost  data for  t he  example. 

loadings used t o  determine i n i t i a l  approximations t o  both modes were 

l a t e r a l  forces act ing i n  appropriate d i rec t ions  through j o i n t s  a t  the  

top of the s t ruc ture .  

The 

* 
The s t a t i c  

* 
Note t h a t  t h i s  solut ion was executed on the  Univac 1108 computer under 
the  EXEC I1 system. 
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VIEW 1 OF IJNDEFORMED STRUCTURE 

Fig. 6 - Undeformed View of %-Joint Frame 
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MODE NUMBER I 

. .  . .  3 .... 2 - - : : x * * : ; : <  

: *$:. ..:.:e::. .;e.* : 
. . . . . .  .,.. .-...e . 
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:< .... 2::. .p-: : : . . . . . . . .  . . . . . . . .  . . . . . . . .  . . . . . . . .  . . . . . . . .  . . . . . . . .  . .  :,,; ....: ,.... 

:.:e::. . ;::i. . >e-: : : 

. .  . .  ...... x.:.: *? 
: -2: : . . :.:e:':. ./?' : 
. . . . . . . .  . . I .  . - .  . . . . . . . . .  . . . . . . . .  . . . . . . . .  . . . . . . . .  . .  ........ ..a*.. .... . .  . .  : .. x: :. . :.=--: 
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. . . . . - 5 . .  . . . . . . . . . .  . .  I . . . .  . . . .  . .  " . .  . . . .  . .  " " I . .  . .  . . . . . .  " . .  . .  .'..c.. .. .C.. ..... 

: .... .d. ........... 
. .  . .  ...i: .: .. ;: :. :;.,a. : 
: *.;.:. . ..;.:*:':. .. : ;.' . .  J.. . .:fa . .  . .  " . . " . . . .  . . " . . "  . . . .  . . . . . . . . . . . .  . .  ..I . . . . . .  

. I . . _  . . . . . .  . . . . . . .  " . .  
. . . . . . . .  . . I.. I " .  . . .  ".. . . " .  . . , " I  . . " .  . 

. . a .  . . . . . .  . . . .  . . . . .  . . . .  . . . . .  , .  *; .... ;. ........... . .  ........... . : c.. : .... !: ; i;.;:; 'i:'"' .. ............. .,.. * ./ .*.. * 

FREQUENCY = e 461365x1 0+Oo CPS 

ITERATION 2 

Fig. 7 - F i r s t  Mode of 96-Joint Frame 
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VIEW 2 OF UNDEFORMED TRUCTURE 

Fig. 8 - Undeformed V i e w  of 96-Joint Frame 
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MODE NUMBER 2 I T E R A T I O N  2 
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Fig .  9 - Second Mode of 96-Joint Frame 
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Table 3 
SUCCESSIVE FREQUENCY APPROXIMATIONS, EXAMPLE 2 

Table 4 
UNIVAC 1108, EXEC I1 SYSTEM, 

ITERATION, EXAMPLE 2 
COSTS PER 

Total  Execution Time 
per I t e r a t ion  

Percent of Execution 
Time Consumed Executing 
S t a t i c  Solutions 

40 seconds ($6.40) 

67 seconds ($10.72) 

50 

33 
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Figure 10 is  a perspective view of t he  undeformed Saturn V umbil- 

i c a l  tower. The s t ruc ture  i s  composed of 372 j o i n t s  and 944 members. 

Figures 11, 12 and 13 i l l u s t r a t e  t he  frame's undeformed configuration 

and the f i rs t  two modes i n  the vehicle-tower plane (direction-1).  

Figures 14, 15 and 16 show the  undeformed configuration and the f irst  

two modes i n  the plane normal t o  the vehicle-tower plane (direction-2).  

Frequency approximations computed a t  successive s teps  i n  the direct ion-  

2 solution process a re  summarized i n  Table 5.  Corresponding computer 

execution cost  data  i s  given i n  Table 6 .  

For each direct ion,  the s t a t i c  loadings used t o  determine i n i t i a l  

approximations t o  the first and second modes, respectively,  were (1) 

l a t e r a l  forces act ing through j o i n t s  a t  t he  top of t he  s t ruc ture ,  and 

(2) a l a t e r a l  force a t  the  top,  and an (oppositely directed)  lateral  

force applied near the  middle of the  s t ruc ture .  Planar motion was 

obtained by constraining an appropriate s e t  of j o i n t  motion components. 

The e f f ec t  of non-structural  mass w a s  included i n  the  formulation 

by appropriately increasing the  mass density of the  per ipheral  members 

a t  each f loor  l e v e l  of the  s t ruc ture .  
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V l E Y  1 O F  U W P E C O R M E D  S T R U C T U R E  

Fig. 10 - Perspective View of Launcher Umbilical Tower 
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V I E U  1 O F  U N O E F O R M E O  S T R U C T U R E  

Fig, 11 - Undeformed View of Launcher Umbilical Tower (Direction-1) 
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M O D E  N U M B E R  1 
I TERATlON NUMBER 

FREQUENCY = 4 .eOSIXIO-" CPS 

Fig .  12 - F i r s t  Mode of Launcher Umbil ical  Tower (Direction-1) 
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Fig. 1.3 - Second Mode of Launcher Umbilical Tower (Direction-1) 
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V I E W  1 0 1  U W O L F O R W L O  O T R U C T U R L  

Fig .  14 - Undeformed View of Launcher Umbilical Tower (Direction-2) 
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 ODE N U ~ B E R  i 
ITERATION NUMBER 

FREPUENCY = I . I Z S B X i O - B i  CPS 

Fig. 15 - F i r s t  Mode of Launcher Umbilical Tower (Direction-2) 
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Fig. 14 - Second Mode of Launcher Umbilical Tower (Direction-2) 
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T t  e r a t  ion 

0 

1 

3 
2 

4 

Table 5 
SUCcESSrvE FREQUENCY APPROXIMATIONS, 
LAUNCHER UMBILICAL TOWER, DIRECTION-2 

Mode 1 Mode 2 

0.45528928 2.7176277 
0.44239758 2.1161577 

o .44238651 2.1142560 
0.44238652 2.1143194 

- 2.1142523 

Table 6 
IBM 70% COST PER ITERATION, 

LAUNCHER UMBILICAL TOWER ANALYSIS 

Time Consumed Executing 
S t a t i c  Solutions 

289 seconds ($44.60) 

3c 
These times include two passes through an i t e r a t i v e  accuracy improvement 
routine t o  assure a high degree of precis ion.  
transmissions account for a l l  but a very small f rac t ion  of the  indicated 
IBM 7094 execution time; accordingly, much lower costs  would be obtained 
on a system with high-speed random access devices (e.g. ,  a Univac 1108 
with FH 432 or 1782 drums). 

Magnetic tape access and 
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INPUT INSTRUCTIONS. MARCH 1969 VERSION OF FRAME DYNAMICS PROGRAM9 FAMDAMt 
FOR V I B R A T I O N  A N A L Y S I S  O F  LARGE L I N E A R  FRAMES4 

T A B L E  OF CONTENTS 

SEC? I ON 
1 

2 

3 

4 

5 

6 

7 

8 

9 

1 0  

1 1  

GENERAL INSTRUCTIONS 

L I B R A R Y  OF M A T E R I A L  CONSTANTS 

J O I N T  P O S I T I O N  COORDINATES AND 
J O I N T  REFERENCE FRAME I D E N T I F I C A T I O N  

L I B R A R Y  O F  MEMBER REFERENCE FRAME 
O R I E N T A T I O N  S P E C I F I C A T I O N S  

L f 8 R A R Y  OF BEAM S E C T I O N  PROPERTIES 

L I B R A R Y  OF D I R E C T L Y - S P E C I F I E D  
BEAM STIFFNESS MATRICES 

L I B R A R Y  OF J O I N T  REFERENCE FRAME 
O R I E N T A T I O N  S P E C I F I C A T I O N S  

STRUCTURE DEF I N I T I ON DECK 

VIBRATION A N A L Y S I S  CONTROL 

CONTlNUED SOLWTION DATA 

CONTROL PARAMETERS 
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GENERAL I NSTRUCTI  ONS S E C T I O N  1 

T E  INPUT DATA SEQUENCE FOR A SINGLE STRUCTURE I S  O U T L I N E D  BELOW. 
B Y  S T A C K I N G  DATA DECKS S E Q U E N T I A L L Y *  ANY NUMBER O F  STRUCTURES C A N  
BE ANALYZED I N  A S I N G L E  EXECUTION. 

A Q  INTERMEDIATE DATA OUTPUT AND GENERAL SOLUTION INFORMATION CONTROL CARD 

L IST= K ~ * K ~ * K ~ * K ~ * K I N D I J T R G D  

F O R M A T ( 6 I l )  

IF  NON-ZERO* K l r K 2 r K 3 r  AND K4 CAUSE DATA FROM THE 
HI A *  R *  A N 0  M-FILES* RESPECTIVELY,  TO BE PRINTED. 
T H I S  DATA SHOULD NOT NORMALLY BE REQUESTED. 

KIND=O I N D I C A T E S  THAT THIS  I S  THE I N I T I A L  EXECUTION FOR T H I S  
PROBLEM. K I N D f l  I N D I C A T E S  THAT THIS IS A CONTINUED SOLUTION. 
FOR A CONTINUE0 S O L U T I O N  READ I N  T I T L E  CARDS DISCUSSED BELOW 
THEN REFER D I R E C T L Y  TO S E C T I O N  10. 

JTRGDoNE.0 I N D I C A T E S  THAT THIS STRUCTURE IS EXTERNALLY UNSTABLE-  
I N  WHICH CASE A R T I F I C I A L  CONSTRAINTS ARE A P P L I E D  TO JOINT JTRGD 
ACCORDING TO THE INSTRUCTIONS I N  S E C T I O N  8. FOR T H I S  C A S E  S I X  
R I G I D  BODY MODES ARE COMPUTED FOR THE STRUCTURE. I F  JTRGDzO 
THE STRUCTURE I S  ASSUMED EXTERNALLY STABLE. 

8.  T I T L E  CARDS0 ( A T  LEAST ONE CARD MUST APPEAR) 

ANY NUMBER OF T I T L E  CARDS C A N  BE USED. INFORMATION 
APPEARING I N  COLUMNS 2 THROUGH 73 OF THESE CARDS W I L L  APPEAR 
AT THE B E G I N N I N G  OF THE P R I N T E D  OUTPUT. THE L A S T  T I T L E  CARD 
MUST HAVE A BLANK I N  COLUMN I r  A L L  P R E C E D I N G  CARDS ( I F  A N Y )  
MUST HAVE A NON-ZERO INTEGER IN COLUMN io 

C e  L I B R A R Y  OATA CONTROL, CAR00 

LIST= JT I  NCOSr NSECTI NMATI N 6 X 6 r  I N X  

F O R M A T (  5 1 5 9  5x9 15 1 

JT IS THE NUMBER OF J O I N T S  I N  THE STRUCTUREe 
I N  A MANNER I N D I C A T E D  SUBSEQUENTLY* THE OTHER V A R l A B L E S  
CONTROL INPUT O F  DATA I N  THE FOLLOWING CATEGORIES. 
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NCOS- MEMBER REFERENCE FRAME O R I E N T A T I O N  S P E C I F I C A T I O N S .  
NSECT- BEAM SECTION P R O P E R T I E S  
NMAT- M A T E R I A L  CONSTANTS. 
N 6 X 6 -  D I R E C T L Y  S P E C I F I E D  GENERAL 6x6 BEAM S T I F F N E S S  MATRICES. 
I N X -  J O I N T  P O S I T I O N  COORDINATES. 

De L I B R A R Y  OF M A T E R I A L  CONSTANTS. 
SEE S E C T I O N  2 FOR D E T A I L S .  

E. J O I N T  P O S I T I O N  COORDINATES AND JOINT REFERENCE FRAME I D E N T I F I C A T I O N .  
SEE S E C T I O N  3 FOR D E T A I L S .  

F e  L I B R A R Y  OF MEMBER REFERENCE FRAME O R I E N T A T I O N  S P E C I F I C A T I O N S .  
SEE S E C T I O N  4 FOR D E T A I L S .  

Go L I B R A R Y  O F  BEAM S E C T I O N  PROPERTIES.  
SEE S E C T I O N  5 FOR D E T A I L S .  

H o  L I B R A R Y  OF D I R E C T L Y  S P E C I F I E D  GENERAL 6x6 BEAM STIFFNESS MATRICES. 
SEE S E C T I O N  6 FOR D E T A I L S .  

I *  L I B R A R Y  OF 3 0 1 N T  REFERENCE FRAME O R I E N T A T I O N  S P E C I F I C A T I O N S .  
SEE S E C T I O N  7 FOR D E T A I L S .  

J o  STRUCTURE D E F I N I T I O N  DECK. 
SEE S E C T I O N  8 FOR D E T A I L S .  

K O  V I B R A T I O N  A N A L Y S I S  CONTROL CARDS. 
SEE S E C T I O N  9 FOR D E T A I L S  

La CONTINUED S O L U T I O N  D A T A  ( ONLY WHEN KIND.NEo0 ) 
SEE S E C T I O N  10 FOR D E T A I L S  

M c  S O L U T I O N  CONTROL PARAMETERS 
SEE S E C P I O N  1 1  FOR DETAILS 



L I S R A R Y  OF M A T E R I A L  CONSTANTS SECTION 2 

THERE ARE NMAT CARDS ( A T  L E A S T  ONE) I N  T H I S  DATA GROUP. EACH CARD 
S P E C I F I E S  THE CONSTANTS A S S O C I A T E D  W I T H  A P A R T I C U L A R  MATERIAL .  I N P U T  
0F.THESE CARDS IS CONTROLLED B Y  THE FOLLOWING L I S T  AND FORMAT. 

FORMAT(3El2.3) 

E(I)* C(I)* AND S P W T ( I )  ARE THE MODULUS O F  E L A S T I C I T Y *  SHEAR MODULUS* 
AND SPECSFSC WEIGHT. R E S P E C T I V E L Y ,  O F  THE I -TH MATERIAL .  

NMAT MUST NOT EXCEED 4. 

JCJ I FJT P7S I T I ON COORD I N A T F S  I N  THE- 
GLOBAL DEFERENCE F R A M E  

D C P E N 3 I N G  ON THE V A L U F  3F THE PREVIOUSLY READ CDNTROL V A R I A b L L  I N X r  
rITPER O F  T:1'0 P Q C C E D l J D F 5  CAN BE USED. 

IF INX=7r J O I N T  POSITION COORDINATE INPUT IS CONTROLLED t3Y THE 
F O L L O W I N G  LIST A N P  FOPlm4T 
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lnjHEHE X ( I 9 . J )  I S  THE D I R E C T I O N - I  P O S I T I O N  COOHLiJNATE ( G L O B A L  Q E C T A N G b L A 2  
R E F E R E N C E  F R A F I L )  O F  T H E  J-TH J O I N T .  

IF I N X  I S  NOT E Q U A L  T O  7 r  T H I S  D A T A  D E C K  I S  COMPOSED O F  J T  C A 2 D S  ( O N E  
F O R  E A C H  J O I N T )  W I T H  I N P U T  O F  E A C H  CARD C O N T R O L L E D  U Y  THE F O L L O W I N G  
L I S T  A N D  FORMAT 

F O R M A T (  ' 1 5 9  5x1 3E15.8 ) q  

J I S  T H k  I D E N J I F Y I N G  INDEX N U M b E R  A S S I G N E D  T O  THE J O I N T I  A N 0  THE X ( 1 r J ) ' L  
ARE THE J O I N T  ' S P O 5  I T I O N  COORO I N A T E S  I N  T H E  G L O B A L  R E C T A N G U L A R  
R F F E R F N C F  F P A Y F .  

L I 6 R A R Y  O F  MEMBER REFERENCE FRAME 
O R I E N T A T I O N  S P E C I F I C A T I O N S  

S E C T I O N  4 

THERE ARE NCOS CARDS [ A T  LEAST ONE) IN  THIS DATA GROUP. EACH CARD 
CONTAINS ONE COMPLETE S P E C I F I C A T I O N  WHLCH IS* IN MOST CASES* APPLICABLE 
TO MANY MEMBERS. INPUT O F  EACH CARD IS CONTROLLED BY THE FOLLOWING 
L I S T  AND FORMAT. 

F O R M A T ( I 3 r  1 3 , 1 1 9  E 1 3 . 3 ) .  

r IS THE I~ENTIFYING INDEX NUMBER OF THIS SPECIFICATION. 
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THE + A X I S  OF E A C H  MEMBER REFERENCE FRAME I S  D I R E C T E D  FROM THE 
MEMBER @ O R I G I N *  THROUGH THE MEMBER ( T E R M I N U S '  (THE O R I G I N  I S  THE 
MEMBER END P O I N T  CONNECTED TO THE LOWER-NUMBERED J O I N T ) *  

R ( N M * N G )  1s THE C O S I N E  OF THE ANGLE BETWEEN THE NM-TH A X I S  O F  THE 
MEMBER FRAME AND THE NG-TH A X I S  O F  THE GLOBAL RECTANGULAR FRAME. 
S I N C E  THE O R I E N T A T I O N  O F  THE 3 - A X I S  OF EACH MEMBER REFERENCE FRAME 
1s COMPLETELY DETERMINED B Y  THE MEMBER'S END P O I N T  L O C A T I O N S *  NM MUST 
8E E I T H E R  1 OR 2 -  ALTHOUGH NG MAY BE E I T H E R  1 * 2 r  OR 3. 

I F  THE C O S I N E  OF THE ANGLE BETWEEN MEMBER A X I S  ( 3 - N M )  AND GLOBAL A X I S  
NG I S  NEGATIVE,  A M I N U S  S I G N  MUST BE P L A C E D  I N  C3LbP. 'N 51 I M M E D I A T E L Y  
P R E C E D I N G  NM. FOR EXAMPLE, IF  W E  S P E C I F Y  R ( 2 r 3 )  = 0 7  AND R ( l r 3 )  IS 
N E G A T I V E -  A M I N U S  S I G N  IS P L A C E D  I N  COLUMN 5 0  

CARE MUST BE T A K E N  TO ENSURE U N I Q U E  S P E C I F I C A T I O N S .  FOR EXAMPLEI IF  A 
MEMBER'S END P O I N T  L O C A T I O N S  ARE SUCH THAT THE MEMBER 3 - A X I S  I S  P A R A L L E L  
T O  THE GLOBAL E - A X I S *  THE MEMBER FRAME O R I E N T A T I O N  CANNOT BE DETERMINED 
B Y  S P E C I F I C A T I O N S  T H A T  R ( 1 * 2 )  OR R ( 2 * 2 )  ARE ZERO. 

S E C T I O N  5 L I B R A R Y  O F  BEAM S E C T I O N  P R O P E R T I E S  

IF  NSECT=O* THIS D A T A  GROUP I S  NOT PRESENT ( D O  N O T  I N S E R T  A B L A N K  C A R D ) *  
OTHERWISE* THERE ARE NSECT ENTRIES I N  THE L I B R A R Y .  USUALLY9 EACH 
ENTRY A P P L I E S  T O  MANY D I F F E R E N T  MEMBERS. INPUT O F  THE F I R S T  
CARD OF EACH E N T R Y  IS CONTROLLED B Y  THE FOLLOWING L I S T  AND FORMAT. 

F O R M A T ( I Z *  1x1 A 4 *  I 3 *  7E10.3) 
N ( A N  INTEGER BETWEEN 1 AND N S E C T )  I S  THE I N D E X  I D E N T I F Y I N G  THE ENTRY. 
' T Y P E '  IS A 4 CHARACTER ALPHAMERIC WORD I D E N T I F Y I N G  THE S E C T I O N  TYPE. 
' T Y P E *  MUST BE L E F T - A D J U S T E D  I N  THE A 4  FIELD ( T H A T  IS. THE F I R S T  L E T T E R  
O F  T H E  WORD MUST APPEAR I N  COLUMN 4). MAT IDENTIFIES THE APPLICABLE 
SET O F  M A T E R I A L  CONSTANT DATA. THE D ARRAY S P E C I F I E S  S E C T I O N  P R O P E R T I E S e  
A S  SUMMARIZED I N  THE FOLLOWING TABLE. 
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G I V N  
BOX 
W F L  
TEE 
ANG 
CHN 
ZEE: 
TUBE 

11 
81 
81 
81 
I31 
81 
B l  
R (  I N N E R )  

ALPHA 1 I2 ALPHA2 AREA C C 1  
T 1  82 T2 
T 1  E32 T 2  83 T 3  
T 1  82 T 2  
T l  €32 T2  
T1 B2 T 2  83 T 3  
tl b2 T2 83 T3 
R ( OUTER 1 

I 1  AND ALPHA1 ARE ASSOCIATED WITH BENDING I N  P L A N E  2-30 
I 2  AND ALPYA2 ARE ASSOCIATED WITH BENDING I N  P L A N E  1 - 3 e  
11s MOMENT OF I N E R T I A  ABOUT MEMBER A X I S - 1  ( A  P R I N C I P A L  A X I S ) .  
120 MOMENT O F  I N E R T I A  ABOUT MEMBER A X I S - 2  (THE OTHER P R I N C I P A L  A X I S ) .  
ALPHA1 AND ALPHA2 ARE TRANSVERSE SHEAR D E F L E C T I O N  CONSTANTS ASSOCIATED 
WITH 11 AND 121 RESPECTIVELY (SEE TIMOSHENKO 'STRENGTH OF MAfERIALS.9  
P A R T  ONE+ PAGE 170). AREA= CROSS-SECTIONAL AREA. C= UNIFORM TORSION 
CONSTANT (TORQUWTWIST PER UNIT LENGTH).  AND C1= NON-UNIFORM TORSION 
CONSTANT (SEE TIMOSHEMCO 'STRENGTH OF M A T E R I A L S ' *  PART 2r PAGES 255-273). 

THE FOLLOWING CARD I S  USED ONLY FOR ' G I V N '  SECTIONS. I T  IS NOT USED 
FOR ANY OTHER S E C T I O N  TYPE. 

LIST= Z l r  Z2r  THETA 

FORMATC3ElO.3) 

EACH MEMBER ' O R I G I N '  C O I N C I D E S  W I T H  TME S E C T I O N  CENTROID*  AND THE 
3-AXIS O F  TACH LOCAL MEMBER REFERENCE FRAME I S  D I R E C T E D  FROM THE 
MEMBER ' O R I G I N '  ALONG THE CENTRAL AXIS.  THE 1 AND 2 AXES OF THE 
MEMBER FRAME ARE NOT REQUIRED TO C O I N C I D E  WITH S E C T I O N  P R I N C I P A L  AXES. 
2 1  AND 22 ARE THE P O S I T I O N  COORDINATES I N  THE MEMBER REFERENCE FRAME 
OF THE SHEAR CENTER. THETA IS THE ANGLE* I N  R A D I A N S *  MEASURED P O S I T I V E  
CLOCKWISE ABOUT THE MEMBER CENTRAL (3) A X I S  FROM THE 1-AXIS OF THE 
MEMBER FRAME TO P R I N C I P A L  AXIS-1.  NORMALLY THETA I S  SET EQUAL T O  ZEROo 

L I S T S  MASS*RHOl *RHO2*RHO3 

F O R M A T ( 6 E l O o 3 )  

MASS= MASS PER UNIT LENGTH O F  THE MEMBER 
R H O l =  MASS MOMENT OF I N E R T I A  O F  THE MEMBER ABOUT I T S  1 A X I S  
FZH02r MASS MOMENT OF I N E R T I A  OF THE MEMBER ABOUT I T S  2 A X I S  
RH03= MASS MOMENT OF I N E R T I A  O F  THE MEMBER ABOUT I T S  3 A X I S  
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L I 6 R A R Y  O F  D I R E C T L Y - S P E C I F I E D  

MEMBER STIFFNESS M A T R I C E S  
S E C T I O N  6 

I F  N 6 X 6 i - O r  T H I S  D A T A  GROUP I S  N O T  PRESENT ( D O  NOT I N C L U D E  A B L A N K  C A R D ) +  
OTHERWISE-  N 6 X 6  M A T R I C E S  ARE R E A D *  CONTROLLED BY THE F O L L O W I N G  L I S T  
AND FORMAT. 

FORMAT(6E10 .3 )  

S ( I * J e K )  Is THE ELEMENT I N  THE I - T H  ROW AND J-TH COLUMN O F  THE K-TH 
MATRIX .  THE PROGRAM USES ONLY THE LOWER T R I A N G U L A R  PART OF EACH M A T R I X 9  
TO ENSURE SYMMETRY. 

L I e R A R Y  OF J O I N T  REFERENCE FRAME 
O R I E N T A T I O N  S P E C I F I C A T I O N S  

S E C T I O N  7 

I F  JRF=Ov T H I S  D A T A  GROUP IS NOT PRESENT (DO NOT I N C L U D E  A BLANK C A R D ) *  
OTHERWISE THERE ARE JRF ENTRIES ( O N E  PER CARD) I N  THE L I B R A R Y .  
INPUT OF EACH ENTRY 2s CONTROLLED B Y  THE F O L L O W I N G  L I S T  AND FORMAT 

K ( A N  I N T E G E R  BETWEEN 1 AND JRF) I S  THE I N D E X  I D E N T I F Y I N G  T H E  ENTRY. 
THE Q M A T R I X  (3x3) REPRESENTS THE O R I E N T A T I O N  O F  A J O I N T  REFERENCE 
FRAME R E L A T I V E  T O  T H E  G L O B A L  FRAME. FROM THE I N F O R M A T I O N  G I V E N  ON THE 
ABOVE DATA CARD* THE PROGRAM COMPUTES A Q M A T R I X  WHICH MAY APPLY TO 
S E V E R A L  JOINTS.  Q ( 1 r J )  IS THE C O S I N E  O F  THE ANGLE BETWEEN THE I - T H  A X I S  
OF THE J O I N T  FRAME AND THE J-TH A X I S  O F  THE GLOBAL RECTANGULAR FRAME. 

J l r  Q ( 3 * J l ) *  J2r Q ( 3 r J 2 ) e  AND J 3 S f G N  COMPLETELY THE O R I E N T A T I O N  O F  THE 
3 - A X I S  O F  THE J O I N T  FRAME. Q ( 3 9 J 1 )  AND Q ( 3 t J 2 )  ARE ANY TWO D I S T I N C T  
ELEMENTS IN T H E  T H I R D  ROW OF QI AND J 3 S I G N  ( + I  OR - 1 1  G I V E S  THE S I G N  
O F  THE T H I R D  ELEMENTe 

Q ( N L * N C )  MAY GENERALLY E€ ANY ELEMENT I N  T H E  F I R S T  TWO ROWS OF 0.  
N S I G N  ( + I  OR - 1 )  GIVES YHE S I G N  OF Q(3*fdL9NG)o 
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I N  CHOOSING NL AND NC9 CARE MUST &E TAKEN TO ENSURE A UNIQUE 
S P E C I F I C A T I O N .  FOR EXAMPLE9 IF  THE 3 - A X I S  OF THE J O I N T  FRAME 
WERE CHOSEN TO BE P A R A L L E L  TO THE GLOBAL 2 - A X I S  ( E G  J l= l rJ2=3* 
Q ( 3 9 - J l ) S e O *  Q ( 3 * J 2 ) = r 0 9 J 3 S I G N =  + l ) e  T N THE O R I E N T A T I O N  OF THE 
J O f N T ' S  I AND 2 AXES I S  NOT U N I Q U E L Y  DETERMINED B Y  S P E C l F I C A T I O N S  
THAT R(1.2) OR R(202) ARE ZEROe 

STRUCTURE O E F I N I T I O N  DECK S E C T I O N  8 

THE STRUCTURE DEFINITION DECK IS CWPOSED OF JT SETS OF CARQSI ONE 
SET FOR EACH J O I N T I  ORDERED BY ASCENDING J O I N T  NUMBERS. INPUT OF THE 
F I R S T  CARD OF EACH SET IS CONTROLLED B Y  THE FOLLOWING L I S T  AND FORMAT. 

FORMAT(6110  14)  

XF K C ~ K )  IS A NON-ZERO INTEGER, THE K-TH MOTION COMPONENT (WITH ~ E S P E C T  
TO THE LOCAL J O I N T  REFERENCE FRAME) OF THIS  J O I N T  I S  S P E C I F I E D  A S  A 
R E S T R A I N T  C O N D I T I O N  (K=lr2*3- DISPLACEMENTS9 Kz4*5*6- ROTATIONS) .  
THE PROGRAM SETS A L L  RESTRAINED J O I N T  MOTION COMPONENTS I D E N T I C A L L Y  
EQUAL TO ZERO. 
RIMEMS IS THE NUMBER OF MEMBERS CONNECTING THE JOINT T O  HIGHER-NUMBERED 

A D D I T I O N A L  CARDS I N  THE DATA SET ASSOCIATED W I T H  T H I S  JOINT.  
OTHERWISE9 DATA D E F I N I N G  EACH OF THE NMEMS MEMBERS CONNECTING T H I S  
J O I N T  TO HIGHER-NUMBERED J O I N T S  FOLLOWS. I N P U T  O F  THE F I R S T  CARD 
ASSOCIATED WITH THE DEFINITION OF EACH MEMBER I S  CONTROLLED BY THE 
FOLLOWING L I S T  AND FORMATo 

JOINTS. I F  NMEMS IS ZERO ( A S  I S  OFTEN THE CASE) THERE ARE NO 

L I S T =  N ~ ~ N ~ * M K O S ~ M T Y P E ~ M G R O U P V N O F F ~ N S T A * I P L O T  

F O R M A T ( 8 1 5 )  

P 1 Ahlo N2 ARE THE CONNECTED J O I N T S  (NI  I S  ?HE CURRENT J O I N T  Nl WE89 A JD 
N2 IS GREATER THAN Nl)e THE MEMBERIS * O R I G I N 9  CONNECTS TO J O I N T  N l e  I T S  

S E C T I O N  I r  CARD C e  AND S E C T I O N  4) S P E C I F Y I N G  THE A P P L I C A B L E  ENTRY I N  THE 
'TERMINUS'  TO J O I N T  N2. MKOS I S  AN INTEGER BETWEEN 1 AND NCOS (SEE 

PREVIOUSLY- INPUT L I B R A R Y  OF MEMBER REFERENCE FRAME O R I E N T A T I O N  
S P E C I F I C A T I O N S .  THE 3 A X I S  OF THE MEMBER REFERENCE FRAME I S  D I R E C T E D  
FROM THE MEMBER O R I G I N  THROUGH THE TERMINlJSe 

4-9 
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IF  NOFF IS ZERO (OR B L A N K ) +  THE MEMBEReS END P O I N T S  ( C E N T R O I B S P  FOR 
STRAIGHT BEAMS H A V I N G  S E C T I O N  PROPERTIES DEFINED I N  THE P R E V I O U S L Y - Z W U T  
L I B R A R Y  DISCUSSED I N  S E C T I O N  5) C O I N C I D E  W I T H  THE JOINTS TO WHICH THEY 
ARE CONNECTEDo IF  NOFF I S  A P O S I T I V E  INTEGER+ ONE OR BOTH O F  ?HE 
MEMBER'S END P O I N T S  ARE OFFSET FROM THE CONNECTED J O I N T S  B Y  R I G I D  LINKS. 
WITH BOTH THE J O I N T S  AND MEMBER END P O I N T S  R I G I D L Y  EMBEDDED I N  THE L I W S e  
IF (AND Ohr!,Y IF)  NOFF I S  A P O S I T I V E  INTEGER9 THE FOLLOWING CARD MUST 
APPEAR NEXT I N  THE INPUT DATA DECK* 

F O R M A T ( 6 E l Q e 3 )  

D O I ( ~ I  IS THE DIRECTION I POSITION COORDINATE (GLOBAL RECTANGULAR FRAME) 
OF J O I N T  N1 M I N U S  THE D I R E C T I O N  I COORDINATE OF THE MEMBER ORIGIN .  
DT2 GIVES THE P O S I T X O N  COORDINATES OF J O I N T  N2 M I N U S  THE CORRESPONDING 
COORDINATES O F  THE TERMINUSe 

I F  M T Y P E = 1 9 T H I S  MEMBER I S  A STRAIGHT BEAM H A V I N G  CROSS-SECTION PROPERTIES 
DEFINED BY THE MGROUP-TH ENTRY I N  THE PREVIOUSLY- INPUT L I B R A R Y  OF BEAM 
S E C T I O N  PROPERTIES. MGR0L.JP I S  I N  THIS CASE A N  INTEGER BETWEEN 1 AND 
NSECT (SEE SECTION l r  CARD 3 9  AND S E C T I O N  5 )  

TF MTYPE=2v THE 6x6 STIFFNESS M A T R I X  O F  THIS MEMBER IS READ I N  
D I R E C T L Y *  ACCORDING TO THE FOLLOWING L I S T  AND FORMAT9 I M M E D I A T E L Y  
FOLLOWING THE PRECEEDXNG C A R D t S )  ASSOCIATED WITH T H I S  MEMBERI 

F O R M A T ( 6 E l Q e 3 )  

S I S  A M A T R I X  SUCH THAT P=SV+ WHERE V IS A 6-VECTOR REPRESENTING 
?HE MOTION OF ?HE MEMBER O R I G I N  R E L A T I V E  TO THE TERMINUS9 AND P I S  
THE VECTOR OF FORCE AND MOMENT COMPONENTS ACTING ON THE O R I G I N  
(FOR I = l r 2 r 3 e  THE P ( I ) * S  AND V(X)*S ARE D I R E C T I O N  I FORCE AND 
DISFLACENENT COMPONENTS9 R E S P E C T I V E L Y *  I N  THE MEMBER REFERENCE FRAME, 
A N D ,  FOR l = e l o 5 @ 6 *  THEY ARE D I R E C T I O N  1-3 MOMENTS AND R O T A T I O N S I o  
TO ENSURE SYMMETRY+ T W  PROGRAM SETS S ( J i I ) =  S ( I e d ) r  FOR I = 1  THROUGH 6 
AND J= 1 THROUGH I o  

IF M T Y P E r 3 v  THE S T I F F N E S S  M A T R I X  OF THXS BEAM IS THE MGROUP-TH 
M A T R I X  I N  THE PREVIOUSLY-- INPUT L I B R A R Y  OF D I R E C T L Y - S P E C I F I E D  MEMBER 
S T I F F N E S S  MATRICESo I N  T H I S  CASE9 MGROUP I S  AN INTEGER BETWEEN 

ND N b X 6  (SEE S E C T I O N  1 9  CARD C O  AND S E C T I O N  6 1 0  

A- 10 
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I +  THE NUMBER OF F N I T &  ELEfWNTS I N T O  W H  

I F  N S T A e L T e 2  I T  I S  AUTOMATICALLY SET EQUAL TO 2, A MAXIMUM 
cH THE MEMBER I S  

S U B Q I V I D E D e  
S P E C I F I C A T I O N  IS 200 FOR LARGE STRUCTURE NSTA I S  USUALLY 2. 
IF IPLOTeNEeO T H I S  MEMBER W I L L  NOT BE PLOTTED I N  THE SC4020 QUTPUTe 

V I B R A T I O N  A N A L Y S I S  CONTROL S E C T I O N  9 

T H I S  S E C T I O N  DESCRIBES THE DATA REQUIRED TO I N I T I A T E  THE V ISRATXON 
ANALYS I S 

THE F I R S T  CARD IND CATES THE NUMBER OF LUMPED MASSES TO BE INCLUDED. 
T H I S  DATA IS O N L Y  USED I N  THE 1108 VERSION O F  THE PROGRAM. NO 
LUMPED MASSES ARE ALLOWED IN T W  9094 VERSIONe 

FORMAT( 15 ) 

Tti€ FOI-LOWING TWO CARDS ARE READ I N  FOR EACH O F  THE NLUMP MASSES 

L I S T =  J T v X l v X 2 v X 3  

J T  1S J O I N T  AT  WHICH THE MASS IS LUMPEDe X l r X 2 r A N D  X 3  ARE THE GLOBAL 
P O S I T I O N  COORDINATES OF THE CENTER O F  THE LUMP R E L A T I V E  TO THE J O I M T o  J T e  

L I S T =  M ~ I l l e 1 2 2 o I 3 3 r 1 ~ 2 ~ I l 3 v I 2 3  

FORMAT ( 7E 1 0  e 6  1 

M IS ?HE TOTAL MASS OF THE LUMPo I P I v  I229 AND I 3 3  ARE THE MASS MOMENTS 
O F  I N E R T I A  OF THE LUMP ABOUT THE 3 GLOBAL AXESa 1 1 2 s  1 1 3 v  AND I23 ARE 
THE MASS PRODUCTS O F  I N E R T I A  OF THE LUMPa 

NOl4ClL)F I .7 Tt iF -rfJTfiL- N\ iMf3FR O F  MODES DESIRLDo I N C L U K  I r U C ,  P I G 1  L, r 3 0 U Y  M O D t  , D  

% T E R Q T ( I )  I S  THE TOTAL N U M B E ~  O F  I T E R A T I O N S  TO BE PERFORMED ON MODE l o  

A - 1  1 
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THE I N I T I A L  A P P R O X I M A T I O N  IS N O T  C O N S I D E R l 3  AN I T E R A T I O N *  FOR R I G I D  
BODY MODES LET I T E R O T z O e  

THE R E M A I N I N G  D A T  IS A SET OF P O I N T  LOADS A P P L  E D  PO THE STRUCTURE FOR 
W H I C H  THE CORRESPONDING D I S P L A C E M E N T  P A T T E R N  C O N S T I T U T E S  AN I N I T I A L  
A P P R O X I M A T I O N  FOR A PARTICULAR MODEe DO NOT S U P P L Y  THIS D A T A  FOR R I G I D  
BODY MODESo THE FOLLOWING I L L U S T R A T E S  THE R E Q U I R E D  DATA FOR EACH MODE. 

J O I N T =  THE J O I N T  A T  WHICH THE 6 CO PONENT L O A D  P d O I N T  IS A P P L I E D  
P ~ O I N T ~ 1 ) ~ P O I N T  FORCE I N  GLOBAL D I R E C T I O N  1 
P J O I N T ( 2 ) ~ P O I N f  FORCE I N  GLOBAL D I R E C T I O N  2 
P . J 0 I N T ( 3 ) = P O I N T  FORCE IN GLOBAL D I R E C T I O N  3 
P J O I N T 1 4 ) = M O M E N T  ABOUT GLOBAL A X I S l  1 
B J Q I N T ~ S I = M O M E N T  ABOUT GLOBAL A X I S  2 
P J O I N T ( 6 ) ~ M O M E N T  ABOUT GLOBAL A X I S  3 

A SEQUENCE QF T H E  BOVE CARDS I S  RE 0 U N T I L  A B L A N K  CARD I N D I C A T E S  THAT 
THE L O A D I N G  F U N C T I O N  F THE CURRENT MODE I S  COMPLETEo 

CONTINUED SOLUTION D A T A  S E C T I O N  10 

THE FOLLOWING DATA IS OffLV USED FOR CONT1(NUED S O L U T I O N S  A S  I N D I C A T E D  B Y  
K I N D a N E e O  ON THE F I R S T  D A T A  CARDc FOR THIS T Y P E  S O L U T I O N  A L L  R E Q U I R E D  
I N F O R M A T I O N  FROM P R E V I O U S  E X E C U T I O N S  IS READ FROM A N  I N P U T  +APE* I S R C H l o  
R E Q U I R E D  CARD INPUT FoLLOWSe THIS D A T A  I S  READ AFTER THOSE CARDS 
D I S C U S S E D  I N  P A R T S  A e  AND B e  O F  S E C T l O N  1 0  

L I S T =  I P T C H C  

FORMAT ( I5 1 

TI-IE ABOVE CARD I S  NOT READ I N  I F  OPT(6)zOm O P T ( 4 )  IS DEFBNED I N  
BLOCK DATA9 S E C T I O N  1 1 0  
IF  IPTCHGoNEeO CHANGES ARE TO BE MAQE I N  THE P L O T T I N G  S P E C f F b C A T l O N S  
ACCORDING TO THE PLOTTING PARAMETERS DEFINED I N  BLOCK DATAo 
I F  I P T C H G r G  T H f .  P L O T S  ' J ~ I L L  UE ORIENTED A N D  SCALEi7 T H E  5 A Y E  A S  Tk1O:;E 
PF T H F  CX.?E\/10'.G F X f C ! j T  TOhla 

A - l ?  
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L I S T =  MODEAIITERA 

FORMAT ( 215 1 

MODEA AND I T E R A  I N D I C A T E  THE I N I T I A L  MODE A N 0  I T E R A T I O N  O F  THE CONTINUED 

T E R M I N A T I O N  P O I N T  OF THE PREVIOUS EXECUfIO)J. 
SOLUTION. IF I T  IS OESXREDI THEY MAY S P E C I F Y  A P O I N T  P R I O R  TO THE 

CONTROL PARAMETERS S E C T l O N  I I  

C E R T A I N  CONTROL PARAMETERS ARE DEFINED I N  AN EXECUTABLE ROUTINE THAT 
I S  CALLED FROM THE M A I N  PROGRAM BEFORE ANY OTHER PROCESSING I S  BEGUN. 

ZERO fS A REAL CONSTANT WHICH IS USED FOR ZERO T E S T S  OF F L O A T I N G  
P O I N T  NUMBERS 

ANORM I S  THE FACTOR TO WHICH THE GENERALIZED MASS O F  EACH MODAL 
APPROXIMATION 1s NORMALIZED. 

x S R C H ~  = 1 1  
XSRCH2 = 14 
I S R C H ~  = 10 
ISRCH4 = 13 

I S R C H l  THRU ISRCH4 ARE V A R I A B L E  SCRATCH STORAGE U N I T  ASSIGNMENTS 
( EITHER TAPE OR DRUM UNITS 1 1  ISRCH5 IS NOT USED 

MEMPT = 1 
MODDT = 3 
MEMMAX = roo 
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MEMPT I S  THE SECONDARY STORAGE UNIT UPON WHICH THE MEMBER PRUPERfY 

MODDT I S  THE SECONDARy STORAGE UNIT UP5N WHICH THE MODE SHAPE FILE 

MEMMAX I S  MAXIMUM NUMBER OF MEMBERS ALLOWED ON ANY ONE MEMBER 

FILE IS STORED 

I S  STORED 

PROPERTY OR MODE SHAPE FILE 

00 10 Ic1.20 
O P T ( 1 )  = 0 

THE ARRAY O P T ( 2 0 )  DEFINES THE OUTPUT OPTIONS OF THE PROGRAM. 
WHEN EQUAL TO ZERO THE FOLLOWING OPTIONS ARE SURPRESSED 

OPT 

1 

2 

2 

3 

4 

5 

6 

6 

7 

8-20 

VALUE 

N 

1 

-1 

1 

1 

1 

1 

-1 

1 

** 

RESULTING OUTPUT 

N FILES ARE WRITTEN ONTO OUTPUT TAPE, I S R C H l v  

CONTINUE THE SOLUTION I N  A SUBSEQUENT RUN 

COMPLETE DISPLACEMENT FUNCTION INFOf?MATION FOR 
EACH I T E R A T I O N  OF EACH MOO€ 

COMPLETE DISPLACEMENT FUNCTION INFORMATION FOR 
THE L A S T  I T E R A T I O N  OF EACH MODE 

I T E R A T I V E  S T A T I C  SOLUTION INFORMATION 

EACH FILE CONTAINS THE INFORMATION REQUIRED TO 

E I C E N S O L U T I O N  INFORMATION FOR EACH I T E R A T I O N  O F  
EACH MODE 

T I M E S  REQUIRED FOR VARIOUS OPERATIONS THROUGHOUT 
THE PROGRAM 

PLOTS ARE GENERATED FOR EACH I T E R A T I O N  OF EACH 
MODE 

P L O T S  ARE GENERATED FOR THE L A S T  I T E R A T I O N  OF 
EACH MODE 

MODE SHAPES ARE PLOTTED WITHOUT TH€ O R I G I N A L  
STRUCTURE P L O T  

NOT USED IN THIS VERSION 



I T M A X  r 2 
TOLER at 5 o O E - 0 7  

I T M A X  I S  THE MAXIMUM NUMBER O F  I T E R A T I O N S  EXECUTED PER S T A ? I C  
S O L U T I O N *  TOLER I S  THE S T A T I C  S O L U T I O N  CONVE%iENCE C R I T E R I O N  

DISP * 1.0 
ROT t 0.01 

THE ABOVE DATA I S  USED FOR EXTERNALLY UNSTABLE STRUCTURES ONLY 
DISP = MAGNITUDE OF R I G I D  BODY TRANSLATION 
ROT = MAGNITUDE O F  R f G i D  BODY R O T A T I O N  
THESE VALUES W I L L  BE AUTOMATICALLY NORMALIZED ACCORDING TO ANORM 
DURING THE SOLUTION PROCESS. 

NMXPG t 54 
NUNITl = 8 
NUNIT2 = 4 
NUNXT3 = 3 
NUNIT4 = 9 
NUNITS = 9 
NUNIT9 = 1 
L R E C 9  01 2000 
L R E C 4  = 1000 

THE ABOVE PARAMETERS ARE USED P R I M A R I L Y  B Y  THE S T A T I C  A N A L Y S I S  
ROUT I NES 

NMXPG = MAXIMUM NUMBER OF LINES TO BE fW?INTED PER PAGE O F  OUTPUT 
NUNIT l r  NUNITZ, NUNIT3r NUNIT4e NUN1759 AND NUNIT9 DEFINE 

SECONDARY STORAGE UNITS.  NOTE THAT 

NUNIf4 = NUNITS 
NUNfT3 = M O m T  
NUNIT9 = MEMPT 

L R E C 9  = MAXIMUM LENGTH O F  ?HE MEMBER PROPERTY FILE 
L R E C 4  = B A S I C  RECORD LENGTH L I M I T A T I O N  OF THE S T A T I C  A N A L Y S I S  

ROUT I NES 

A-15 
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I Y D I R ( 2 )  = 3 
I X D f R ( 3 )  = 2 
I Y D I R ( 3 )  = 3 

THE ABOVE DATA DEFINES THE PLOTTING PARAMETERS AS FOLLOWS 

MAR = NUMBER OF RASTERS ALLOWED FOR THE MARGIN 
SCALE = SCALE FACTW FOR MAXIMUM DISPLACEMENT. 

A t F A ( 1 )  = ROTATION OF P L O T  ABOUT GLOBAL A X I S  I 
NVIEWS = NUMBER OF V IEWS PLOTTED PER MODE SHAPE 
l X D I R ( 1 )  = X COORDINATE A X I S  FOR V I E W  I 
I Y D I R ( 1 )  = Y COORDINATE A X I S  FOR V I E W  I 

MAX O I S P  = SCALE*(MAXIMUM MEMBER LENGTH) 

1F THIS IS A CONTINUED SOLUTION AND THE PLOTS ARE TO BE ALTERED* 
SCALE IS PSSUMED TO BE A FACTOR B Y  WHICH THE MAXIMUM PLOTTED 
DISPLACEMENT OF THE PREVIOUS E X E C U T I O N  IS M U L T I P L I E D .  

LUTPLN = 2 

LUTPLN IS ONLY USED FOR THE L o  U e  T. A N A L Y S I S  AND I N D I C A T E S  IN 
WHICH PLANE THE MODES AD€ T O  @E OBTAINED. 

LUTPLN = 1 I N D I C A T E S  THE P L A N E  COMIuteN T O  THE TOWER AND V E H I C L E  
LUTPLN = 2 I N D I C A T E S  THE P L A N E  NORMAL TO P L A N E  1 
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